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The molecular pathology of precursor lesions leading
to invasive pancreatic ductal adenocarcinomas re-
mains relatively unknown. We have applied cDNA
microarray analysis to characterize gene expression
profiles in a series of intraductal papillary-mucinous
tumors (IPMTs) of the pancreas, which represents
one of the alternative routes of intraepithelial pro-
gression to full malignancy in the pancreatic duct
system. Using a cDNA microarray containing 4992
human genes, we screened a total of 13 IPMTs includ-
ing nine noninvasive and four invasive cases. Expres-
sion change in more than half of the tumors was
observed for 120 genes, ie, 62 up-regulated and 58
down-regulated genes. Some of the up-regulated
genes in this study have been previously described in
classical pancreatic carcinomas such as lipocalin 2,
galectin 3, claudin 4, and cathepsin E. The most
highly up-regulated genes in IPMTs corresponded to
three members of the trefoil factor family (TFF1,
TFF2, and TFF3). Immunohistochemistry performed
on five genes found to be differentially expressed at
the RNA level (TFF1, TFF2, TFF3, lipocalin 2, and
galectin 3) showed a good concordance between tran-
script level and protein abundance, except for TFF2.
Hierarchical clustering organized the cases according
to the dysplastic and invasive phenotype of the
IPMTs. This analysis has permitted us to implicate
several genes (caveolin 1, glypican 1, growth arrest-
specific 6 protein, cysteine-rich angiogenic inducer
61) in tumor progression. The observation that sev-
eral genes are differentially expressed both in IPMTs
and pancreatic carcinomas suggests that they may be
involved at an early stage of pancreatic carcinogene-
sis. (Am J Pathol 2002, 160:1745–1754)

Intraductal papillary-mucinous tumors (IPMTs) are a dis-
tinct form of exocrine pancreatic neoplasm characterized
by dilated ducts that are lined by a proliferation of pap-
illary mucinous epithelium.1–3 Although IPMTs usually
show a favorable outcome compared with classical duc-
tal pancreatic adenocarcinomas, all gradations from low-
and high-grade dysplasia through to invasive carcinoma
may be encountered. This uncommon type of pancreatic
tumor represents a clinically detectable model of intra-
epithelial neoplasia.

Whereas considerable insights into the genetic basis
of classical ductal pancreatic adenocarcinoma have
been generated, less is known about the genetic alter-
ations in progenitor lesions.4–6 Since a progressive ac-
cumulation of genetic alterations is now widely accepted
for the development of tumors, the identification of the
molecular events involved in each step of tumor progres-
sion is essential in understanding pancreatic carcinogen-
esis. Various factors account for our knowledge in this
field being less advanced than for tumors in other organs
such as colorectal adenoma/carcinoma. In contrast to
colonic adenomas, the pancreatic pre-neoplastic lesions
are almost always discovered microscopically only after
fixation, are relatively inaccessible to biopsy and below
the resolution of current imaging modalities. Such lesions
are heterogeneous in their topography and degree of
dysplasia, are often situated in an abundant stroma, and
the possibility of ductal colonization from the invasive
component is not always easy to exclude. Furthermore,
until recently,7 a standard nomenclature of pancreatic
intraepithelial neoplasia (PanIN) was not established
making the comparison of studies between different in-
vestigators difficult. Even though laser capture microdis-
section enables the procurement of pure cell popula-
tions, this technique is extremely laborious and limited by
the difficulties in grading the dysplasia on frozen sec-
tions.

To avoid these problems, we have decided to analyze
the gene expression profile in IPMTs, which could poten-
tially represent an early lesion in pancreatic carcinogen-
esis. As with PanIN, IPMTs can progress from hyperpla-
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sia to dysplastic lesions to an invasive carcinoma.
However, despite this similar morphological progression,
some histological features differentiate these two types of
lesions, with a macropapillary proliferation and marked
mucosecretion being the characteristics of IPMTs.8 Fur-
thermore, the prevalence of Ki-ras, p53, CDKN2/p16, and
MADH4 mutations appear lower in IPMTs than in PanIN
suggesting that the genetic pathway leading to ductal
cancer in these two types of preinvasive lesions could be
different9,10 Depending on their mucin expression pro-
files, two types of IPMTs have been recently character-
ized.11,12 Whereas the majority of IPMTs exhibit high
expression of MUC2 and usually a good prognosis, some
of them reveal a pattern similar to classical ductal ade-
nocarcinoma with MUC1 but no MUC2 expression.

Gene expression patterns derived from cDNA microar-
ray data have been used increasingly to identify genes
associated with various human malignancies and are
starting to allow tumor classification and prediction of
clinical behavior on the basis of molecular informa-
tion.13–15 We carried out global analysis of the expression
profiles of approximately 5000 gene elements in a series
of IPMTs by using custom-built cDNA microarrays.

Materials and Methods

Tissues and Cell Line

IPMT specimens were obtained from 13 patients under-
going pancreaticoduodenectomy, in accordance with in-
stitutional guidelines on the use of human tissue. Fresh
surgical resection specimens were dissected macro-
scopically along the dilated main pancreatic duct and
exhibited intraductal growth patterns forming polypoid
intraluminal masses. Samples of these tumors were snap-
frozen in liquid nitrogen within 20 to 30 minutes of har-
vesting and thereafter stored at �80°C. IPMTs were clas-
sified as either non invasive (NInv) lesions (nine cases
labeled NInv-626, -628, -630, -632, -633, -635, -636,
-638, -s11) or invasive (Inv) carcinoma (four cases la-
beled Inv-640, -641, -733, -s6) when the intraductal pro-
liferation was associated with an infiltrative component.
These latter corresponded in three cases to tubular ad-
enocarcinoma and the remaining case to a colloid carci-
noma. A pool of normal pancreas was prepared from two
donor tissues and two normal adjacent pancreatic paren-
chymas from ampullary tumors. A human pancreatic duct
epithelial cell line (HPDE) immortalized by transduction
with the E6/E7 genes of human papillomavirus (HPV) was
kindly provided by Dr Ming-Sound Tsao (University of
Toronto, Ontario, Canada) and was grown in keratinocyte
serum-free medium as described.16

RNA Preparation

Histological evaluation of frozen sections after H&E stain-
ing demonstrated that all selected IPMT samples con-
tained at least 70% tumor cells. Trimmed pancreatic
blocks were cut into 8-�m sections using a cryostat. A
total of 100 to 200 frozen sections per specimen were cut

and maintained on dry ice for RNA extraction. Every 20
sections, an H&E staining was performed to evaluate the
cellular composition. A macrodissection was performed
in some cases to enrich the epithelial composition of the
samples, particularly in the invasive cases. Total RNA
was isolated from both tissues and HPDE cell line using
TRIZOL reagent (Gibco BRL, Life Technologies Inc.,
Frederick, MA) according to the manufacturer’s protocol.
The quality of RNA from each sample was verified by
agarose gel electrophoresis.

Array Fabrication

The custom cDNA microarrays (5K1) used in this study
were obtained through the Cancer Research UK/Ludwig/
Welcome Trust consortium at the Sanger Center, Cam-
bridge, UK, where the glass arrays were manufactured
and quality controlled. The 5K1 slides used contained
5184 elements comprising 4992 human I.M.A.G.E clones
together with positive and negative controls. The spotting
patterns and the complete annotated list of these cDNA
are available at the ICRF Microarray web site.

cDNA Preparation, Hybridization, and Scanning

Labeling of 23 �g of total RNA was achieved by direct
incorporation of Cy5-dCTP or Cy3-dCTP (Amersham
Pharmacia Biotech, Amersham, UK) in a reverse tran-
scription reaction using anchored oligodeoxythymidylate
primer (Oligonucleotide Service, Clare Hall Laboratories,
Potters Bar, UK) and Superscript II reverse transcriptase
(Gibco BRL, Frederick, MD). The details of the hybridiza-
tion and washing protocols are available online. Comple-
mentary DNA from the HPDE cell line, which constituted
the reference sample, was used in all hybridizations. For
each experiment Cy5-dCTP-tagged cDNAs were mixed
with Cy3-dCTP-tagged common reference cDNA (HPDE)
and subsequently co-hybridized to a microarray. Two of
the tumor samples were hybridized in duplicate. Fluores-
cence intensities of hybridized microarray slides after
washing were scanned by dual-laser Affymetrix 418
Scanner (Affymetrix, High Wycombe, UK).

Image and Data Analysis

Signal intensity values of each element were extracted
using the ImaGene software program, version 4.1 (Bio-
Discovery, Los Angeles, CA) and then exported to Mi-
crosoft Excel. Spots with intensity values less than two-
fold that of the local background were flagged and
discarded.

Background correction was performed in Excel by
subtracting the local background intensity value around
each spot from the reported signal intensities from the
Cy5 and Cy3 channels. A global intensity correction fac-
tor was calculated using the sum of all Cy5 median probe
signals divided by the sum of all Cy3 median probe
signals. This factor was used for data normalization. The
ratio of the normalized values from both the Cy5 and Cy3
channels were calculated and used to determine differ-
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ential gene expression levels. Only genes with expres-
sion changes of at least fourfold in more than half of
tumors were selected for this analysis. Using such strin-
gent criteria, the possibility of false positives was remote.

Before clustering the normalized expression ratio val-
ues were log2 transformed and were filtered for genes
with a detectable signal in at least 50% of the experi-
ments, thus yielding 2906 genes from the data set. Sub-
sequently the data were imported to the software pro-
gram Cluster17 and genes were ordered using a self-
organizing map algorithm with the number of nodes set to
�n. The genes and tumor samples were clustered by
average-linkage hierarchical clustering of an uncentered
Pearson correlation similarity matrix. The results were
visualized with the software program TreeView.17

SAGE Analysis

We have searched the SAGEmap database (available
online) using the Gene-to-Tag online analysis tools. This
program allows one to view the expression levels of se-
lected SAGE tags in all available SAGE libraries. We have
focused our analysis on SAGE libraries of four pancreatic
cell lines (CAPAN1, CAPAN2, HS766T, and Panc1), two
primary pancreatic adenocarcinomas (Panc 91–16113
and Panc 96–6252), and two short-term cultures of nor-
mal pancreatic ductal epithelium (HX and H126). The
expression level was presented as Tags per million,
which reflects the levels of the corresponding transcript
(“virtual Northern”).

Immunohistochemistry

Immunohistochemical analysis was performed on 30 for-
malin-fixed, paraffin-embedded IPMTs including the 13
cases analyzed by cDNA microarrays, as well as on a
tissue microarray (TMA) block containing 100 classical
ductal pancreatic adenocarcinomas. The construction of
this TMA was performed using a tissue arrayer (Beecher
Instruments, Silver Spring, MD) as described previously
by Kallioniemi et al.18 All of the tumors were reviewed by
one pathologist (B.T.).

Paraffin-embedded IPMTs were deparaffinized and re-
hydrated by standard procedures. The tissue sections
were treated by boiling with 10 mmol/L sodium citrate (pH
6.0) for 20 minutes and cooling to room temperature for
antigen retrieval. They were treated with 1% hydrogen
peroxide to inactivate endogenous peroxidase. Sections
were blocked in 10% normal serum for 10 minutes and
incubated for one hour with the appropriate primary an-
tibody. The monoclonal antibodies used were against
trefoil factor 1 (TFF1, pS2, diluted 1/800), trefoil factor 2
(TFF2, hSP, diluted 1/25) (kindly provided by G. Elia and
the Research Monoclonal Antibody Service, Cancer Re-
search UK, London, UK),19,20 and galectin 3, diluted
1:100 (Research Diagnostics, Flanders, NJ). The poly-
clonal antibodies used were against trefoil factor 3 (TFF3)
(kindly provided by A. Giraud, Footscray, Australia)21

and lipocalin 2 (kindly provided by M. Gould, Madison,
WI).22 The sections were incubated for one hour with

biotinylated secondary antibody and then stained using
Vectastain Elite ABC (Vector Laboratories, Inc.) avidin-
biotin-peroxidase complex for 30 minutes. Positive con-
trols were carried out in parallel using paraffin-embedded
material from human gastric mucosa (for TFF1 and TFF2),
colonic mucosa (for TFF3), and normal pancreas contain-
ing large ducts (for lipocalin 2 and galectin 3).

Results

Gene Expression Profile of IPMTs and Normal
Pancreas

Tables 1 and 2 contain lists of the genes that were found
over- and underexpressed more than fourfold relative to
the HPDE cells in more than half of the IPMTs analyzed
(62 and 58 genes, respectively). Three of the genes
showing the highest level of expression belong to the
trefoil factor family. Several up-regulated genes (Table 1)
found in this study have previously been described in
classical pancreatic adenocarcinoma such as lipocalin 2,
claudin 4, cathepsin E, galectin 3, and anti-elastase. In
addition, we have identified other genes such as CD55
and galectin 9 which have not yet been reported in tu-
mors of this organ. The group of down-regulated genes
(Table 2) in our series of IPMTs included various kera-
tins1,6,15 and adhesive molecules (laminin, cadherin) as
well as cyclin D2, growth arrest-specific 6 protein (Gas6),
glypican 1, and caveolin 1.

One of our experiments was performed to compare the
expression profiles between HPDE cells and bulk normal
pancreas. The majority of genes were commonly ex-
pressed in both, with only 60 genes over-represented
and 16 genes under-represented in the RNA extracted
from whole pancreas compared to the ductal epithelial
cells. As expected, a large proportion of the over-repre-
sented genes identified in normal pancreatic tissue cor-
responded to genes expressed in acinar cells (pancre-
atitis-associated protein, phospholipase), endocrine cells
(pancreatic polypeptide, secretory granule, glucagon),
and inflammatory and fibroblast cells, which were not
present in the ductal cell line used as control in our
series.

Identification of Tumor Groups by Hierarchical
Clustering

The expression profiles of IPMTs were monitored by
means of cDNA microarrays containing 4992 genes. In
total, 13 different samples derived from IPMTs, which
included nine noninvasive cases (NInv-626, -628, -630,
-632, -633, -635, -636, -637, -s11) and four invasive
cases (Inv-640, -641, -733, -s6) were used. Hybridiza-
tions for tumors NInv-635 and NInv-s11 were performed
in replicates.

To reveal possible distinctions between the invasive
and noninvasive tumors, a subset of 2906 genes (which
was obtained after filtering for positive signals in at least
50% of experiments) was selected. Hierarchical cluster-
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Table 1. Up-Regulated Genes in IPMT

GenBank IPMT/normal ratio* Gene name

L15203 84.05342119 Trefoil factor 3
R47791 74.44313188 Fc fragment of IgG binding protein
X00474 73.71753476 Trefoil factor 1
K01396 72.52858397 SERPINA1, protease inhibitor 1 (anti-elastase)
NM_005423 65.87522866 Trefoil factor 2
X65614 34.55119433 S100 calcium-binding protein P
M63438 34.41986467 Immunoglobulin kappa constant
X72964 32.06439961 Centrin, EF-hand protein, 2
AB014458 28.24171627 Ubiquitin specific protease 1
D37931 25.4556301 RNase 4
K01228 24.88210491 Proalpha 1 (I) chain of type I procollagen
Y09788 21.91818393 Mucin 5 (MUC5B)
X99133 18.6584518 Lipocalin 2
J00220 18.59502296 Human Ig germline H-chain G-E-A region A: gamma-3 5� flank
X16468 17.9974938 Collagen alpha-1 type II
T97774 16.86863153 V-fos FBJ murine osteosarcoma viral oncogene homolog
X51405 15.97881199 Carboxypeptidase E
AL034553 15.36310833 Human DNA sequence from clone 914P20 on chromosome 20q13.13-13.2
D26129 15.36298093 Ribonuclease A (RNase A)
AL021786 13.99414013 Human DNA sequence from PAC 696H22 on chromosome Xq21.1-21.2
M62628 12.90351069 Alpha-1 Ig germline C-region membrane-coding region, 3� end
NM_001688 12.16965341 ATP synthase, H� transporting, mitochondrial F0 complex, subunit b, isoform 1
W19215 11.92086509 Decay accelerating factor for complement (CD55, Cromer blood group system)
50999_A 11.20921769 Aldehyde dehydrogenase 1, soluble
U24163 11.19879063 Frizzled-related protein
AB000712 10.05233687 Claudin 4
NM_000177 10.0001507 Gelsolin (amyloidosis, Finnish type)
NM_012105 9.029424784 Beta-site APP-cleaving enzyme 2
AF053630 8.779707909 SERPINB1, Protease inhibitor 2 (anti-elastase)
J05036 8.404941313 Cathepsin E
AF014398 8.313108875 Inositol(myo)-1(or 4)-monophosphatase 2
NM_001311 8.22755819 Cysteine-rich protein 1 (intestinal)
U6431 8.128671636 Human Crk-associated substrate related protein Cas-L mRNA
AB000712 8.113322204 Claudin 4
U67963 7.415174703 Lysophospholipase-like
T74333 6.970991547 Potassium channel subunit (HOHO1)
X02761 6.808717044 Fibronectin precursor
AC002477 6.752661909 Zinc finger protein 183 (RING finger, C3HC4 type)
AA292185 6.390520701 galectin 9
M97796 6.351884437 Inhibitor of DNA binding 2, dominant negative helix-loop-helix protein
NM_00673 6.233377328 Lymphoid blast crisis oncogene
AF047439 6.226569876 Chromosome 1 open reading frame 8
M19384 6.208406619 annexin A5
AF011794 6.126962289 Cell cycle progression 8 protein
W47253 6.070612413 Homo sapiens, clone IMAGE:4183312, mRNA, partial cds
D8729 6.037013846 Thiosulfate sulfurtransferase (rhodanese)
S68287 5.754454821 Aldo-keto reductase family 1, member C4 (chlordecone reductase)
AF042081 5.597599936 SH3 domain binding glutamic acid-rich protein like
D50312 5.574152091 Potassium inwardly-rectifying channel, subfamily J, member 8
R11913 5.514858025 ATPase, Na�/K� transporting, beta 1 polypeptide
AI381734 5.415021469 glutaminyl-peptide cyclotransferase
M59807 5.139030307 Natural killer cell transcript 4
AB018335 5.081112454 KIAA0792 gene product
NM_004417 5.000361416 Dual specificity phosphatase 1
L20826 4.921863064 Plastin 1 (I isoform)
N93058 4.881253571 galectin 3
J04164 4.832592455 Interferon induced transmembrane protein 1 (9–27)
D87742 4.79820912 KIAA0268 protein
AA680040 4.711578012 clone IMAGE:1126607
U04810 4.707383209 Trophinin associated protein (tastin)
M10036 4.39852969 Triosephosphate isomerase
X70326 3.903669545 Macrophage myristoylated alanine-rich C kinase substrate
M75884 3.566595357 Sterol carrier protein 2

Only transcripts displaying a fourfold or more decrease in expression level present in more than 50% of tumors are included. Transcripts shown in
bold capital letters were confirmed by immunohistochemistry.

*IPMT/normal ratios are the average expression levels of the 13 IPMT samples.
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ing was performed to group both the selected genes and
the 13 IPMTs, including the two replicates (a total of 15
experiments) according to their overall similarities in the
levels of expression. The tumors were arranged on a
dendrogram, which contained two main branches with all
of the invasive cases occupying the same branch (Figure
1). Three of the four invasive IPMTs (InvT-641, -733 and

-s6) clustered tightly next to each other forming a distinct
subgroup of one of the main branches together with one
noninvasive case (NInv-628) which on further macro-
scopic examination corresponded to an IPMT with a par-
ticular micropapillary oncocytic dysplasia. The remaining
invasive case (Inv-640), which did not cluster with the
others, showed a ductal invasion pattern.

Table 2. Down-Regulated Genes in IPMT

GenBank IPMT/normal ratio* Gene name

NM_005063 0.05018865 Stearoyl-CoA desaturase (delta-9-desaturase)
Y16788 0.080235625 keratin, hair, acidic, 3A
AF016903 0.095060176 Agrin precursor
AF016903 0.098051946 Heparin-binding growth factor binding protein
M17183 0.102191105 Parathyroid hormone-related protein precursor
NM_000402 0.103378948 Glucose-6-phosphate dehydrogenase
AB006867 0.123618379 SRY (sex determining region Y)-box 20
X63629 0.129128659 Cadherin 3, P-cadherin (placental)
X63629 0.134671471 Glypican 1
Z18951 0.152828573 Caveolin-1
NM_003561 0.154060474 Phospholipase A2, group X
M59911 0.156069179 Integrin, alpha 3 (antigen CD49C, alpha 3 subunit of VLA-3 receptor)
L12468 0.156751867 Glutamyl aminopeptidase (aminopeptidase A)
U78773 0.160828547 KRAB-associated protein 1
74621 0.168671808 Prion protein (p27–30)
U78773 0.170308631 Chromosome segregation 1 (yeast homolog)-like
AB011105 0.185293743 Laminin, alpha 5
NM_000623 0.19194852 Bradykinin receptor B2
X16662 0.192238268 Annexin A8
R61450 0.192509605 KIAA0586 gene product
AA058860 0.195476748 Fascin (Strongylocentrotus purpuratus) homolog 2 (actin-bundling protein, retinal)
AF104913 0.19666058 Eukaryotic translation initiation factor 4 gamma, 1
AF104913 0.19917747 Thymidine kinase 1, soluble
L34155 0.200643346 Laminin, alpha 3
J00269 0.205955309 Keratin 6A
AF025437 0.206367669 Thyroid hormone receptor interactor 6
T48883 0.22936451 Ubiquitin-conjugating enzyme E2M
AF070561 0.231003177 Chromosome 19 open reading frame 3
AF201934 0.233927594 DC12 protein
K00557 0.23893984 TRAF interacting protein
W57890 0.240813641 Cystatin A (stefin A)
J03075 0.243279271 Protein kinase C substrate 80K-H
AF000421 0.248910632 Polymerase I and transcript release factor
M21551 0.254327104 Neuromedin B
U19796 0.261800808 Melanoma-associated antigen recognised by cytotoxic T lymphocytes
J04173 0.269622449 Phosphoglycerate mutase 1 (brain)
AB014589 0.26975328 Likely ortholog of mouse variant polyadenylation protein CSTF-64
M14505 0.271017542 Cyclin-dependent kinase 4
D00510 0.27795818 Annexin A6
AF025439 0.279642427 Pyruvate kinase, muscle
L10678 0.280981633 Profilin 2
AB015983 0.282894774 Pyruvate kinase, liver and RBC
NM_013442 0.289765016 Stomatin-like 2
S70154 0.290724406 Acetyl-Coenzyme A acetyltransferase 2 (acetoacetyl Coenzyme A thiolase)
AF053470 0.296710961 Bladder cancer associated protein
D13643 0.320990498 Seladin-1
AF069984 0.324228613 Nitrilase 1
AF025437 0.328151563 Thyroid hormone receptor interactor 6
X00351 0.339905385 Actin, beta
M98776 0.346805982 Keratin 1 (epidermolytic hyperkeratosis)
X53778 0.349484869 Glyceraldehyde-3-phosphate dehydrogenase
X07696 0.350902035 Keratin 15
M16342 0.365604705 Heterogeneous nuclear ribonucleoprotein C (C1/C2)
L13720 0.381172162 Growth arrest-specific 6
L12350 0.388118649 Thrombospondin 2
X05908 0.390394458 Annexin A1
D13639 0.461065789 Cyclin D2
R38335 0.659152931 Ribonuclease HI, large subunit

Only transcripts displaying a fourfold or more decrease in expression level present in more than 50% of tumors are included.
* IPMT/normal ratios are the average expression levels of the 13 IPMT samples.
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As expected, replicate samples of IPMTs (Ninv-635
and NInv-s11) clustered together, demonstrating the
overall reproducibility of the technique, and were highly
correlated (P � 0.945 and P � 0.946, respectively).

Gene clusters containing genes specifically up- or
down-regulated in both invasive and noninvasive IPMTs
were identified. The two most representative of these
clusters comprised groups of genes that were highly
expressed in invasive tumors but not in the noninvasive
tumors (Figure 1). Both clusters contain a spectrum of
genes in which notable groups include those involved in
matrix remodeling (such as cathepsin L, PLOD 2, TIMP 1)
and angiogenic factors (thrombospondin 2, CYR61)
which have been previously related to the invasive pro-
cess. Several other genes down-regulated in invasive
tumors were identified (cysteine-rich protein 1 (CRIP1),
galectin 9, Frizzled-related protein, and CD55), but do
not belong to any particular cluster.

Results of SAGE Analysis

Using the Gene-to-Tag analysis tool (available online), we
were able to investigate further expression patterns of
several of the overexpressed genes identified in our anal-
ysis. More specifically, TFF1, TFF2, TFF3, galectin 3, SH3
domain-binding glutamic acid-rich protein, plastin 1, li-
pocalin 2, mucin 5B, claudin 4, fibronectin 1, cathepsin E,
cysteine-rich protein 1, and protease inhibitor 2 were
found to have high levels of expression in pancreatic
adenocarcinoma material.

Immunohistochemical Analysis

To validate the data obtained by cDNA array analysis, the
expression of four up-regulated genes (TFF1, TFF2,
TFF3, and galectin 3) was investigated at the protein level

Figure 1. Variation in expression of 2906 genes in 13 IPMTs. Each row represents individual genes and each column an experimental sample. The ratio of the
abundance of transcripts of each gene to its median abundance across all tumors is represented by the color: green (transcript levels below median), black (equal
to the median), red (greater than the median), and gray (technically inadequate or missing data). Color intensity reflects the magnitude of the ratio relative to the
median for each set of samples. A: Overall groupings of genes and samples. B: The dendrogram of samples showed two main branches with all of the invasive
cases (colored in pink) occupying the same branch. Two separate clusters were identified containing genes differentially expressed between invasive and
noninvasive tumors.
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by immunohistochemistry in 30 IPMTs, as well as on a
tissue array block comprising 100 pancreatic adenocar-
cinomas. In the normal pancreas, no immunostaining was
observed for TFF2, whereas a weak signal for TFF1 was
present at the apical pole of rare epithelial cells lining
interlobular ducts. Weak expression of TFF3 was ob-
served in ductal mucinous metaplasia and in endocrine
islets. Moderate galectin 3 immunoreactivity was ob-
served in normal ductal cells and in pancreatic nerves.
Lipocalin 2 was highly expressed by normal ductal cells.
Increased membranous and cytoplasmic expression for
TFF1 (Figure 2A), TFF3 (Figure 2C), and galectin 3 (Fig-
ure 2D) was observed in 90%, 80%, and 100% of IPMTs
and in 59%, 46%, and 85% of classical pancreatic ade-
nocarcinomas respectively. In contrast, expression of
TFF2 (Figure 2B) was present in only 20% of IPMTs and
in 5% of classical pancreatic adenocarcinomas, whereas
the normal antral glands exhibited strong immunoreac-
tivity. High expression of lipocalin 2 was observed in 97%
of IPMTs and 95% of classical pancreatic adenocarcino-
mas, respectively.

Discussion

cDNA microarray technology provides the means to an-
alyze the expression level of thousands of genes simul-
taneously and to obtain a more complete understanding
of the many events that characterize different stages of a
tumor process. Whereas abnormalities in Ki-ras, p53,
CDKN2/p16, MADH4 and allelic losses (9p, 17p, 18q)
have been reported in different grades of PanIN,4–6

global gene expression profiling has not yet been carried
out. To clarify the mechanisms of pancreatic carcinogen-
esis, we have analyzed a series of IPMTs which to date
constitute the best clinically detectable model of pancre-
atic preinvasive lesion despite some morphological and
genetic differences compared with the PanIN.8,9 Our
findings indicate that many genes differentially ex-
pressed in classical ductal adenocarcinomas show a
similar pattern in IPMTs, suggesting that they are in-
volved in the early stages of pancreatic carcinogenesis.

Due to the low proportion of ductal cells in normal
pancreatic parenchyma, and since it is generally agreed
that adenocarcinomas arise from these cells, we chose to

Figure 2. Immunohistochemical staining of IPMT. Intense homogeneous positive staining was seen in neoplastic epithelial cells with TFF1 (A), TFF3 (C), and
galectin 3 (D). Immunoreactivity for TFF2 was typically heterogeneous and only moderately intense (B).
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use as a normal control the immortal epithelial cell line
HPDE. This cell line was obtained from a primary culture
of normal human pancreatic duct epithelium following
transduction of the HPV16-E6/E7 genes.16 Except for the
loss of the p53 functional pathway and a marked reduc-
tion of Rb protein level, this cell line demonstrates phe-
notypic and genotypic resemblance to normal pancreatic
ductal cells.23

Among the 62 genes which were up-regulated in more
than half of IPMTs studied (Table 1), several (lipocalin 2,
galectin 3, claudin 4, cathepsin E, trefoil factors 1 and 2)
have previously been described in pancreatic adenocar-
cinomas either by immunohistochemistry, in situ hybrid-
ization, representational difference analysis, or SAGE
analysis.22,24–26

The genes found to be the most highly up-regulated in
our cDNA microarray analysis comprise the three mem-
bers of the trefoil peptide family named TFF1 (pS2), TFF2
(human spasmolytic polypeptide), and TFF3 (intestinal
trefoil factor) which all map to the same chromosomal
region (21q22.3). These genes show a coordinate over-
expression, shared by another gene (SH3 domain-bind-
ing glutamic acid-rich protein) situated in close physical
proximity. TFFs are principally expressed in the gastro-
intestinal mucosa and are up-regulated in a variety of
ulcerative, pre-neoplastic and neoplastic conditions.27

Previous studies, analyzing single gene expression, have
described up-regulation of TFF1 and TFF2 in 55% and
23% of classical pancreatic adenocarcinomas, respec-
tively.26,28 It has been recently established that TFFs are
frequently found to be co-expressed with mucins (espe-
cially MUC2 and MUC5AC, not represented on the 5K1
cDNA array) which interact directly with TFF1 through the
binding of two cysteine-rich domains.29 It is therefore not
surprising that we observed an up-regulation of the trefoil
factors in IPMTs, as high expression of mucins has been
reported in this entity.11 Unfortunately, the sequences for
MUC1, MUC2, and MUC5AC were not present on our
array slides. However, in a previous work,12 we have
characterized the mucin expression profile in a large
series of IPMT by in situ hybridization and immunohisto-
chemistry. Among the IPMTs analyzed here, 10 cases
showed MUC2 and MUC5AC expression, whereas 3 of
the 4 invasive cases exhibited MUC1 but no MUC2 ex-
pression (data not shown). Cooperation of TFFs with
other proteins remains possible, notably with cysteine-
rich protein 1 (intestinal), which is present in the set of
up-regulated genes in this study. Although we obtained
excellent concordance between microarray and immuno-
histochemical data for TFF1 and TFF3, validation for TFF2
was less clear-cut. This difference between TFF2 RNA
and protein expression has been previously reported and
could potentially be explained by impaired accessibility
of the epitope or a defect of translation.30

Galectin 3 is a member of the �-galactosidase-binding
lectin family.31 It is involved in diverse physiological and
pathological processes, including the regulation of cell
growth, cell differentiation and inflammatory responses.
Galectin 3 is not only able to bind intracellular ligands
such as RNA and Bcl-2, but also a variety of ligands
(laminins, lysosome-associated membrane proteins) lo-

cated in the extracellular matrix. Transfection of galectin
3 into colon cancer cells enhances their potential to form
liver metastases in athymic mice.32 Recently, it has been
demonstrated by Northern blot and in situ techniques that
galectin 3 is overexpressed in pancreatic adenocarci-
noma and, to a lesser extent, in chronic pancreatitis.33

Our immunohistochemical study confirms that galectin 3
is overexpressed in all IPMTs and in 85% of pancreatic
adenocarcinoma analyzed by tissue array. Other genes
found to be up-regulated may participate in tumor
growth, for example CD55 and the Frizzled-related pro-
tein, which we have recently reported to be dysregulated
in classical pancreatic adenocarcinoma.34 The product
of the former gene protects cells from attack by comple-
ment and has been previously reported to be overex-
pressed in various tumors. It has been used successfully as
a target for both tumor imaging and cancer vaccines.35,36

Among the down-regulated genes, we note the pres-
ence of several genes implicated in epithelial differentia-
tion as well as in cellular adhesion and maintenance of
the cytoskeleton. The low levels of expression of genes
implicated in cell cycle regulation (cyclin D2, cdk4) in the
IPMTs relative to the HPDE cells probably reflects the fact
that the cell line was cultured in logarithmic growth
phase, whereas only a limited fraction of cells in any solid
tumor is actively proliferating. Another explanation for this
lower abundance of cyclin D2 in IPMTs is hypermethyl-
ation of its promoter, as has been recently reported in
breast carcinomas.37 This hypothesis is supported by the
observation that multiple genes in pancreatic carcinomas
are hypermethylated.38 However, we cannot exclude al-
terations in the cyclin D pathway in the immortalized cell
line used as control.

In addition, an important goal of our experiments was
to investigate the differences in expression profiles be-
tween invasive and noninvasive IPMTs. Encouragingly,
we have identified several genes to be highly expressed
exclusively in invasive IPMTs such as glypican 1, caveo-
lin 1, growth arrest-specific 6 product, and Notch 3.
Overexpression of caveolin 1 (which we have recently
reported to be up-regulated in ductal adenocarcinoma)34

and Notch 3, both of which play important roles in signal
transduction, have also been implicated in breast, lung,
and prostatic carcinomas.39–41 The overexpression of
glypican 1, which belongs to the heparan sulfate proteo-
glycan family, could be secondary to the high hepara-
nase activity present in pancreatic carcinoma.42,43 The
Gas6 protein, which interacts with a tyrosine kinase re-
ceptor, has a role in the anti-apoptotic pathway by in-
creasing nuclear NF-Kappa B activity.44 Therefore, es-
caping from the apoptosis signal may be a crucial step
for the invasive process in IPMTs as well. Despite the
limited number of invasive samples, hierarchical cluster-
ing led to a relatively clear separation between these two
types of tumors. It is of interest that the sole noninvasive
IPMT which clustered with the invasive ones corre-
sponded to a particular histological form with micropap-
illary oncocytic dysplasia.45 A closely related cluster of
positively co-varying transcripts in invasive tumors con-
sisted of genes with functions related to matrix remodel-
ing and angiogenesis. Similarly to others’ findings,25,46
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using different techniques such as SAGE analysis and
differential display, we have found high expression of
several transcripts which are involved in stromal reaction
to malignant invasion (fibronectin, proteases, and ca-
thepsin). Such a finding may not be unexpected, as it is
well known that invasive pancreatic carcinomas typically
exhibit a dense desmoplastic reaction. Thrombospondin
2 and CYR61, two factors implicated in angiogenesis,
were found to be up-regulated in invasive IPMTs. The
expression of the latter was recently correlated with
breast cancer progression.47

In summary, in this paper we present expression pro-
files for the uncommon cystic pancreatic tumor called
IPMT. The analysis included both noninvasive and inva-
sive cases. Of note, several genes differentially ex-
pressed in this study have been previously identified in
classical pancreatic carcinoma supporting the proposal
that IPMT represents one of the alternative routes of
intraepithelial progression to full malignancy in the pan-
creatic duct system. Among the other genes character-
ized, some of them were related to the mucosecretion
and the invasive pattern of the tumor. Additional studies
are required to determine the exact role of these genes
and their biochemical pathways in pancreatic carcino-
genesis.
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